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Invited Paper

Advances in Multiple Quantum Well IR Detectors

Walter Bloss, Michael O'Loughlin, and Mary Rosenbluth

The Aerospace Corporation, P.O. Box 92957, Los Angeles, CA 90009

ABSTRACT

The performance of GaAs/AIGaAs multiple quantum well long-wavelength infrared detectors is evaluated
for potential applications in focal plane arrays. A number of GaAs/AIGaAs quantum well infrared detectors with
absorption between 7 to 12 gm have been fabricated and characterized. In these samples, the quantum well
width and barrier height were held approximately constant, while the AIGaAs barrier thickness was varied from 300
to 500 A. These detectors were characterized by FTIR absorpion, dark current, responsivity, spectral noise
density, and thermal activation energy measurements at temperatures ranging from 6 to 80 K. A maximum
detectivity of 4 x 1013 cm'lHz/W at 6 K is obtained at X = 8.4 pm for the 500 A barrier sample.

1. INTRODUCTION

Photoconductors1 ,2 fabricated from multiple, two-dimensional quantum wells of GaAs in an AIxGa1-xAs
matrix represent a very promising approach to mid and long-wavelength infrared detection for a variety of
applications. While performance requirements for any given application are unique, desirable attributes for any
infrared detector are high detectivity, moderate operating temperature, and high producibility of large, highly
uniform arrays. For instance, low background applications, such as satellite based astronomy or surveillance,
require detectivities in excess of 1013 cm'4Hz/W, with minimum operating temperatures fixed by the sizelpower of
the cryocooler. For other applications, the size and uniformity of the imaging array are the driving consideration.3

GaAs multiple quantum wells are grown by molecular beam epitaxy (MBE) or organometallic chemical vapor
deposition (OMCVD) which are well-developed precision growth technologies allowing one to produce high
quality structures with tailored band gap profiles and with layer thickness control on the atomic level. Device
fabrication relies on standard processing techniques developed for digital and microwave GaAs integrated circuits
which have been in use for many years and are relatively mature. Therefore, large uniform arrays can be produced
at substantially reduced cost compared with competing technologies.

West and Eglash4 were the first to demonstrate large intersubband absorption between confined states
in quantum wells. In 1987, Levine and coworkers 5 fabricated the first quantum well (QW) IR detector operating at
10 gim. This detector design was based on a transition between two confined states in the quantum well and
subsequent, tunneling out of the well by an applied electric field. Since this initial work, progress 6- 10 in OW IR
detectors has been quite rapid. In later work, thinner quantum wells were used pushing the excited state into the
continuum enhancing detector performance. Detectors have been fabricated with detectivities of 1.0 x 1010
cmrnHz/W at a wavelength of 8.3 plm and temperature of 77 K.1 1 Kinch and Yariv 12 ,13 presented an investigation
of the fundamental physical limitations of individual OW IR detectors as compared to ideal HgCdTe detectors.

Levine, et. al. 14 have demonstrated a scanned 10-element linear GaAs quantum well array with a NEAT of
<0.10 C. For a starring array, NEAT of - 0.010 C are projected. Recently, a 128 x 128 GaAs OW IR focal plane array
has been fabricated and has shown respectable performance, even in a geometry where the coupling to the
photon is extremely small and hence, quantum efficiency is very low (-0.2 %).15 Extremely low 1/f noise, low
crosstalk (< 3 %), good uniformity, and a minimum resolvable temperature (MRT) of 0.03 K were measured.
Although the aforementioned arrays are initial attempts to fabricate IR focal plane arrays, these results are very
encouraging and demonstrate the potential of this technology. The above investigations focused on the 8-10 gam
region, but more recent work has also demonstrated detectors with very respectable detectivities in the 3-5 lam
region using InGaAs/InAlAs latticed matched to InP16 which had a detectivity of 2.3 x 1010 crnmHz/W at 120 K and
using indirect AIGaAs barriers which had a detectivity of 1.1 x 1012 cmrNHz/W at 77 K operating in the photovoPtaic
mode.

1 7
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The primary focus of this work has been to characterize the effects of increased barrier thickness on
detector dark current, responsivity, and detectivity. We have also investigated the low-temperature performance
and the nature and origin of noise in such a detectors. Our demonstration of device detectivities in excess of 4 x
1013 cm4Hz/W at low temperatures provides evidence for the high-performance capabilities of this detector
technology. In spite of these impressive recent developments, there are still several issues related to the
optimum design of these detectors, quantum efficiency, and maximum coupling to the IR radiation.

2. MEASUREMENTS AND RESULTS

A series of OW IR detectors were designed and fabricated with AIGaAs barriers of increasing thickness,
but other parameters remaining approximately constant, in order to maintain the same peak absorption from
sample to sample. The detectors were designed to have a single bound state in the quantum well and the first
excited state in the continuum above the AIGaAs conduction band edge. Figure 1 shows the device structure for
a typical 10 gm quantum well detector. The difference in energy between the ground and continuum levels is
fixed by the quantum well width and the aluminum mole fraction which determines the well depth. The epitaxial
material used to fabricate the IR detectors was grown, under computer control, in a VG Semicon V80H Molecular
Beam Epitaxy apparatus on a 50 mm diameter, undoped LEC, (100) GaAs wafer. The active structure of these
samples consists of a 1 gim n-GaAs bottom contact layer, a 50 A GaAs spacer layer, an IR active superlattice
comprising 50 periods of AI0.28Ga0.72As barriers with thicknesses Lb and 40 A n-GaAs quantum wells followed
by a 50 A GaAs spacer layer,and finally a 0.5 or 1 pm n-GaAs top contact layer. A series of samples were grown
with barrier thicknesses Lb of 300 A, 400 A, and 500 A, and with the other growth parameters being maintained
constant. The contact layers are doped with Si at a density 1 x 1018 cm"3 with the exception of the final 100 A of
each top contact which is doped to 4 x 1018 cm"3 . The center 50% of the quantum wells are doped with Si at a
density of 2 x 1018 cm"3 , giving an average doping density in the wells of 1 x 1018 cm- 3 . The approximate
growth temperature was 6200C during deposition of the contact layers and 6450C during the superlattice growth.

Detectors were prepared using standard photolithographic techniques. The processing steps are
outlined in figure 2. First the samples were etched through the superlattice and into the bottom contact layer to
define circular mesas of various diameters. The top of each mesa and the bottom contact layer were then
metallized with AuGeINi/Au. The ohmic contacts were alloyed at 4250C for 20 seconds in a rapid thermal anneal
(RTA). The bick of each sample was polished and coated with 3000 A of Au for good IR reflectivity, and a 450
bevel was ground and polished on the edge of each sample as a means to introduce light with a component of the
proper polarization for absorption by carriers in the quantum wells. Each sample was then mounted to a chip
carrier on a 450 wedge such that the beveled edge of the sample was parallel to the surface of the carrier. The
individual detectors were then wire bonded to the carrier leads.

The 450 bevel edge is a disadvantage of the GaAs OW IR detector. Selection rules dictate that only
photons with a component of the electric field perpendicular to the superlattice layers can excite intersubband
transitions within the QW. The standard geometry for focal plane arrays with light incident normal to the surface
have zero absorption. 18 In a 450 bevel edge geometry, there is a finite component of the electric field along the
superlattice axis; however, half the incident power is lost because of polarization (the parallel component) and
another half is lost because of the angle of projection. Gratings can be applied to the surface to allow coupling to
normal incidence light, and alleviate this problem to a certain degree. 18 Performance comparable to the 450 bevel
edge coupler has been obtained with gratings, however, further improvement is possible.

The physical and optical properties of the epilayers were evaluated by Fourier transform infrared
spectroscopy (FTIR), transmission electron microscopy (TEM), double crystal x-ray diffraction, and
photoreflectance spectroscopy. Table 1 summarizes the results of these measurements on our samples. The
samples are labeled and will be referred to in the text by their respective nominal barrier thicknesses, 300 A-a. 300
A-b, 400 A, and 500 A. The actual barrier thicknesses are slightly different from the nominal ones. The difference
between samples a and b which both have a barrier thicknesses of 300 A is the aluminum concentration. Sample
b has a higher Al concentration and consequently, lower peak absorption wavelength (7.5 pm) since the
absorption is set by the transition to the continuum (approximately the band edge of AIGaAs). The FTIR
absorption spectra are obtained from waveguide samples prepared by polishing 450 facets on both ends of a 6 mm
long strip of the epitaxial material. The absorption peaks of samples 300 A-a, 400 A, and 500 A all occur close to
8.5 pIM.
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The dark current of each detector was measured with an HP 4145 parametric analyzer. A cold cap,
maintained at 10 K, was used to shield the samples from background radiation. The temperature of the samples
was measured with a Si diode placed in very close proximity. The measured dark current density at 6 K for samples
with different barrier thicknesses as a function of voltage is shown in figure 3. There is a four order in magnitude
drop in the dark current as the barrier thickness is increased from 300 to 500 A. For a detector with a diameter of
100 gm, this corresponds to a dark current that is 7.85 x 10-5 times the current density, J. For voltages less than 4
V for the 500 A sample and for 2 V for the 400 A, the dark current is below the measurement floor of the parametric
analyzer. To investigate the possibility of dark current resulting from leakage current along the side walls of the
mesas, we compared the dark currents of a number of the 300 A barrier detectors with diameters ranging from 50
to 250 ILm, and found that the dark current scaled linearly with area for both samples. The dark current of the 300
A barrier samples demonstrated the typical plateau region associated with high field domain formation between
the ground state energy level in one well and the excited level in the continuum of the next. 1 9 The activation
energy of the 300 A-a and 300 A-b barrier samples was determined from the Arrhenius plot of the dark current at
50 mV applied bias. At a temperature of approximately 65 K, the dominant current mechanism transitions from
sequential resonant tunneling at lower temperatures to thermionic emission of carriers from the quantum wells at
higher temperatures. The respective activation energies for thermionic emission were 0.135 eV and 0.151 eV.
These values are calculated from the slope of the linear portion of the Arrhenius plot at high temperature. For both
samples, the activation energy plus the Fermi energy is comparable to the measured peak responsivity energy.

The spectral noise density was measured using an HP 3582A spectrum analyzer. For all the detectors
tested, the noise was spectrally flat over the range of the measurement, which was limited by 1/f noise at f< 0 Hz
and the RC roll-off at higher frequencies. Figure 4 shows the spectral noise density at 7 K for the 300 A-a barrier
sample as a function of the dark current. It is clear that the spectral noise density appears to be a fraction of the full
shot noise, ')(2ql) for currents less than 10- 7 A. At moderate biases, the spectral noise density to shot noise ratio
is approximately 0.7 for all temperatures measured. The data at these biases can be explained using a model
which takes into account the absorption coefficient (900 cm- 1 as determined by FTIR), the photogenerated
:urrent gain as determined by the responsivity, the mean free path of the electrons, and the bias across the
sample. Our model9 predicts a spectral noise density/shot noise ratio of 0.6, in good agreement with the
experimentally determined result. Recent results by Levine, et. al.1 0 have shown that these detectors can have
gains greater than one and act as standard photoconductors. We believe this to be true at high biases. In the high
bias regime, the voltage drop across each barrier is -120 meV which allows tunneling directly from the contact into
the continuum. In this case, direct contact is made to the photoexcited carriers and a non-transit time limited
lifetime with gain greater than unity is obtained. For biases lower than about 4 V (a dark current of 10-8 A
corresponds to a 4 V applied bias in figure 4), our measured gain is less than one half, and the contacts may be
playing a role in limiting the photocarrier lifetime.

To measure the responsivity, the samples were mounted in a liquid helium cooled dewar with a ZnSe, anti-
reflection coated window. Infrared light from an external blackbody source was incident normal to the beveled
edge of the sample and, after internal reflection from the back surface of the substrate, illuminated the detectors at
a 450 angle to the superlattice. The infrared light was chopped, for background subtraction, and spectrally
selected using a filter wheel with a range of 2.5-14.5 lam and a bandwidth of approximately 0.1 .n. To calculate
the responsivity, the spectral power incident on the beveled edge of the sample was calculated from the
temperature of the blackbody and its distance from the detector. The measured responsivity was corrected for the
transmission coefficients of the ZnSe window and the filter wheel, as measured by FTIR, but not for reflection
losses, polarization factors, or other parasitics inherent to this design. The accuracy of the responsivity
measurements was verified with a calibrated Si:As detector.

The responsivity of detectors from the various samples is shown as a function of wavelength in figure 5.
The responsivities peaked at approximately 8.2 jWn, 7.7 gm, and 8.4 gim for the 300 A -a, 400 A, and 500 A barrier
samples, respectively. The peak responsivity for the samples was in the range of 0.3-0.5 A/W and increases
slightly with temperature. A sample with twice the nominal dopant density is also presented in figure 5 and has
about a 30 % higher responsivity. The wavelengths are somewhat shorter than that observed from the FTIR
absorption measurements at room temperature. The discrepancy is explained by the increase in conduction band
offset with decreasing temperature and also our observed shift in peak wavelength with applied bias at 6 K.

Using the measured responsivity (figure 5) and the spectral noise density, calculated from the measured
dark current assuming full shot noise, we plot in figure 6 the detectivity of the 400 A and 500 A barrier samples as a
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function of wavelength at 6 K. The assumption of full shot noise underestimates the detectivity since we typically
find that the measured noise is less than the shot noise when it is large enough to be measured. The maximum
detectivity measured for the 400 A barrier sample was 3.0 x 1013 cmVHz/W at 7.7 g±m at 3 V applied bias. For the
500 A barrier sample, the maximum detectivity was 4.2 x 1013 cm4JHz/W at 8.4 p.m at 4 V applied bias. This
increase in detectivity compared to our earlier 300 A barrier results (1011 to 1012 cmrrHz/W) is a direct result of the
decrease in tunneling dark current by increasing the barrier width. These curves do not necessarily represent the
best performance because the optimum bias may be at a bias where we cannot measure the dark current. The
500 Abarrier sample shows a double peaked structure in the detectivity, arising from the structure in the
responsivity. Note that the detectivity for the 500 A barrier sample remains high at longer wavelengths. At 10 rom,
the detectivity is still above 1 x 1013 cm'IHz/W.

In figures 7 and 8, we plot the measured detectivities as a function of temperature for the 300 A-b and 400
A barrier samples. The detectivity for the 300 A-b barrier sample (figure 7) remains large (3 x 1012 cm'lHz/W) until
50 K where it begins to steadily decrease. The detectivity of the 400 A sample (figure 8) is quite high at very low
temperatures and is still - 1013 cm4/Hz/W at T - 25 K at a bias of 3 V. At temperatures greater than 25 K, the
detectivity decreases rapidly due to the increase in the thermionic component of the dark current. Although the
dark current was immeasurable at T < 25 K and 1 V bias, we can extrapolate that the detectivity at those
temperatures is in excess of 3 x 1013 cm4Hz/W.

3.Q.CONLUSIONŽ

In this work, we have investigated the performance of QW IR detectors as a function of increasing barrier
thickness. Thick barriers (-500 A) significantly reduce the tunneling dark current at low temperatures resulting in
high detectivites. However, at high temperatures, the dark current is dominated by thermionic emission. In order
for these detectors to operate with high detectivities at higher temperatures, methods must be developed to
inhibit thermionic emission.

The real advantage of GaAs OW detectors over competing technologies is in its ease of manufacturability
and reproducibility. Large arrays can be made at substantially reduced cost and with high uniformity of elements in
the array. While this technology is already compatible with GaAs microelectronics, these detectors can also be
grown on Si substrates allowing thermal match to silicon read-out electronics. Also, the MBE growth process
allows precise control of the band profiles permitting device optimization and tunability. By growing these OW
structures one on top of another, compact multicolor arrays can be made. Although these multiquantum well
infrared detectors may not represent the pinnacle of performance in any of the individual desirable detector
attributes, they are competitive with and perhaps superior to other technologies when all attributes are considered
together.
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Table 1

Sample 300 A-a 300 A-b 400 A 500 A

Peak Wavelength 8.9 Aim 7.5 gm 8.3 lim 8.5 ;Lm

(FTIR)

Superlattlce Period 346 A 528 A 432 A

(x-ray)

Superlattice Period 320 A

(TEM)

Al Mole Fraction 0.35 0.31 0.31

(x-ray)

Al Mole Fraction 0.29 0.33

(modulation spectroscopy)
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Fig. 1. Typical multiple quantum well structure designed for 10 Pim detection.
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Fig. 2. IR detector processing flow chart.
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Fig. 3. Detector dark current density for different barrier thicknesses as a function of bias at 6 K.
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Fig. 5. Responsivity as a function of wavelength for samples with different barrier widths and dopant
density.
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Fig. 6. Detectivity, calculated assuming full shot noise, as a function of wavelength for the 400 A and 500 A
barrier samples.
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Fig. 7. Detectivity of the 300 A-b barrier sample at 7.6 pm as a function of temperature At each temperature the
bias is optimized for maximum D*.
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Fig. 8. Detectivity of the 400 A barrier sample as a function of temperature and bias.
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